When 'pi was supplied as a 15-minute pulse to normal Spirodela oligorrhiza plants, the first phospholipid to become fully labeled was phosphatidic acid. Phosphatidyl glycerol reached maximum labeling before the other major phospholipids. In phosphorus-deficient plants, however, phosphatidyl glycerol became labeled much more slowly than either phosphatidyl choline or phosphatidyl ethanolamine, and also the proportion of phosphatidyl glycerol present was smaller. Thus, phosphatidyl glycerol synthesis is sensitive to phosphorus deficiency. Since most of the phosphatidyl glycerol present in Spirodela was localized in the chloroplast, this effect appeared to be specifically one on chloroplast composition. The phosphorusdeficient chloroplast had a 60% lower phospholipid content and a normal phospholipid pattern, but the phospholipid which was present was apparently cycling much less rapidly. Zeatin, which ameliorates the visual symptoms of phosphorus deficiency, also reduces the effect of phosphorus deficiency on phospholipid synthesis.
The aquatic plant Spirodela, "duckweed" or "ducksmeat," growing in axenic culture, was used to study effects of phosphorus deficiency (P-deficiency) on phosphorus metabolism in plants (5) . Although deficiency caused a general decrease in concentrations of the various phosphate esters, there was remarkably little change in the proportions relative to one another, so that the pattern was almost completely unaltered. There was also very little change in the ester turnover rates. Zeatin and kinetin, which ameliorated visible symptoms of P-deficiency, did not alter the effect of P-deficiency on phosphate ester levels. However, P-deficiency did cause a small but consistent effect on the phospholipid (P-lipid) pattern; this effect was sensitive to the presence of zeatin. It was decided to study this effect in more detail, in the hope of better understanding the nature of P-deficiency. Such a study may also have some value in describing the course of P-lipid synthesis in a photosynthetic plant tissue.
MATERIALS AND METHODS
Growth of Plants. Spirodela (Spirodela oligorrhiza (Kurz) Hegelm.) was grown in axenic culture (4) . Minus-phosphorus medium contained 4 mm (NH,),SO4, 2 mm CaSO4, 2 mM MgSO4, 1 mm KSO,, trace element salts, and 1 % glucose. Control medium was obtained by adding KHYP04 at 1 mm to the minus-phosphorus medium, and labeled medium was obtained by adding KH23'PO4 at 1 mm and 0.5 mc/l. When required, zeatin at 0.1 mg/l was also included in the media. Fifty-ml Erlenmeyer flasks, each containing 20 ml of medium, were autoclaved. Sterile CaCO., about 50 mg, was added to each at the time of inoculating, to maintain the medium at pH 7.0 to 7.2. Plants were grown at 24 C under continuous fluorescent illumination (about 200 ft-c) for about 14 days. The weight of plants in control cultures doubled each 2 days.
Extraction and Separation of Phospholipids. Tissue was killed in MCF,' 12/5/1/2, v/v at -72 C, in the ratio 0.2 g tissue to 5 ml liquid (4) . Tissue was held overnight in this liquid at -20 C to inactivate phosphatases and phospholipases (3, 20) , then homogenized and centrifuged. The supernatant was diluted with 1.3 ml of chloroform and then 1.7 ml water, and the chloroform phase containing the P-lipids was taken. If a stable emulsion formed between the two phases, it was washed with more chloroform to recover any P-lipid retained there (this P-lipid was almost identical in composition to that in the original chloroform phase). The combined chloroform extract was washed once with water, dried down under vacuum at 35 C, redissolved in chloroform/methanol, 1/1, v/v, and stored at -25 C.
P-lipids were separated by two-dimensional thin-layer chromatography2 on silica/cellulose, 20/8, w/w, using chloroform/ methanol/water, 65/25/4, v/v, and methyl isobutyl ketone/ acetic acid/water, 8/5/1, v/v; then the chromatograms were autoradiographed (4). Radioactive areas were marked, and the plate was layered with a cellulose acetate mixture (4) . The spots were cut out and lifted from the plate, and their radioactivity was measured by Geiger-Muller counting or by liquid scintillation spectrometry.
Pulse-labeling of Phospholipids. To study the course of P-lipid synthesis, plants were pulse-labeled with "P under sterile conditions. Flasks containing control and minus-phosphorus medium were first inoculated with enough fronds so that at the end of 14 days each control and minus-phosphorus flask contained about 100 mg (150 fronds) of normal and P-deficient plants, respectively (5) . At that time, flasks were taken ' Abbreviation: MCF: methanol/chloroform/formic acid/water. 'Note that there is an error of identification in chromatogram maps given by both LePage (9) and Bieleski (4) . Probably in the first study, and certainly in the second, phosphatidic acid standard was made by hydrolyzing phosphatidyl choline with phospholipase D under conditions that allowed transphosphatidylation to occur rather than hydrolysis (see ref. 20) , the major product was therefore phosphatidyl methanol (or phosphatidyl ethanol), not phosphatidic acid. Consequently, the position marked "phosphatidic acid" in both maps is that of phosphatidyl methanol (or phosphatidyl ethanol). In Ref. 4 , the true position of phosphatidic acid is that marked "2," due to phosphatidic acid present in the tissue. The true position of phosphatidic acid in the system of LePage (9) appears to be above phosphatidyl choline, on a level with compound "10. Preparation of Labeled Etioplasts. Control plants were grown for 7 days in labeled medium and then used to inoculate new flasks containing the same labeled medium but with 0.1 jug/ml zeatin added as well. These plants were grown in 300 ft-c "daylight" fluorescent light for 1 day and then in complete darkness for 20 days. Growth in darkness continued at a slower rate (doubling time, 4 to 5 days, instead of 1.9 days). At the time of harvest, the original inoculating fronds, still green, were dissected out and discarded so that only "bleached" tissue was taken. Plastids were prepared as before, and the P-lipids were extracted and chromatographed. Plants were supplied with 'Pt for 15 mm, then washed and returned to growth medium, and grown until harvest time. Phospholipids were extracted into a CHCL phase and the radioactivity of aliquots measured. 0, control tissue; *, P-deficient tissue.
To study the process of greening, plants were grown for 20 days in darkness as above, then transferred to continuous fluorescent light, 300 ft-c. At various times, plants were harvested, plastid fractions prepared, and the P-lipids extracted and chromatographed. P-lipids were also prepared from samples of the whole tissue. Chlorophyll concentrations were measured spectrophotometrically.
RESULTS
Incorporation of Label into Phospholipids. The amount of P, taken into control and P-deficient plants during the course of the pulse period was found by measuring the total amount of 'P in the tissue and by separate uptake experiments. During the 15-min pulse, control plants and P-deficient plants took up 30 nmoles and 50 nmoles P,/g fresh weight, respectively. Because the Pi contents of the two tissues at the start of the experiment were 30,000 and 900 nmoles P,/g fresh weight, respectively, the P1 content of tissue was increased by less than 6% during the course of the pulse. The total phosphorus content increased by less than 1 %. Thus the amount of "P1 taken into the tissue should not have affected the pattern of labeling.
After the pulse, total radioactivity in the P-lipid fraction increased for 8 to 10 hr, leveled off, and started to decline after about 24 hr (Fig. 1 ). Essentially the same pattern was shown by control and P-deficient plants and in the absence and presence of zeatin. When P-deficient and control plants were compared, it was found that the P-lipid of P-deficient plants was 2.5 times as radioactive as P-lipid from control plants. Although more P, was taken into the P-deficient plants (50 nmoles/g versus 30 nmoles/g), the specific radioactivity of the P, supplied was less (1 ,uc/nmole versus 2 ,uc/nmole); and so the proportion of the entering "P, which was incorporated into P-lipid was 2.9 times greater in P-deficient plants than in control plants. However 70% of the chloroform-soluble 'P was present in phosphatidic acid. Most of the remaining activity was retained at the origin. The subsequent course of labeling differed somewhat in different treatments. In control tissue, in both the absence ( Fig. 2A) and presence (Fig. 2C ) of zeatin, phosphatidyl glycerol and phosphatidyl inositol became labeled more rapidly than phosphatidyl choline and phosphatidyl ethanolamine. The first pair reached half their maximum labeling in 0.4 to 0.8 hr and their maximum in 1.6 to 2.8 hr, whereas the second pair took 1.2 to 2.5 hr to reach half maximum labeling and 10 to 20 hr to reach the maximum. Phosphatidyl serine was slowest to label. and comprised only about 15% of the 32P-lipid. Other minor unidentified P-lipids became labeled at much the same rate as phosphatidyl serine.
In P-deficient tissue, on the other hand, in the absence of zeatin (Fig. 2B) , phosphatidyl choline was fastest to label, reaching half maximum in 0.5 hr and the maximum in 4 to 8 hr. Phosphatidyl glycerol and phosphatidyl inositol were considerably slower to label than in control tissue, and showed about the same time-course of labeling as phosphatidyl ethanolamine, reaching half maximum in 1.3 to 2 hr and the maximum in 10 to 25 hr. In the presence of zeatin (Fig. 2D) , the effects of P-deficiency were less marked. Phosphatidyl glycerol, phosphatidyl inositol, and phosphatidyl choline all reached half maximum (0.5 to 0.9 hr) and the maximum (3 to 5 hr) in about the same time, while, as before, phosphatidyl ethanolamine was slowest to label (half maximum in 2 to 4 hr and maximum in 15 to 25 hr).
In summary, phosphatidyl glycerol and phosphatidyl inositol were normally the fastest-labeling major P-lipids in control tissue, but this labeling pattern was drastically altered by P-deficiency, so that phosphatidyl choline was labeled faster, while phosphatidyl glycerol and phosphatidyl inositol were labeled more slowly. This effect of P-deficiency was less apparent in the presence of zeatin. The effect of P-deficiency on rates of labeling was paralleled by its effect on the final proportion of each P-lipid. P-deficiency led to a decrease in the proportion of phosphatidyl glycerol, but this effect too was less apparent in the presence of zeatin (Fig. 2 and Ref. 5) .
Phospholipid Patterns in Chloroplasts. Spirodela plants were labeled to equilibrium by growing them for 17 to 21 days in presence of 32p'. Under these conditions, the amount of each P-lipid can be estimated from its radioactivity plus the specific radioactivity of the 32P. originally supplied. P-lipid and chlorophyll contents of whole tissues and of isolated chloroplasts were measured and compared. Chlorophyll content, per unit fresh weight, of whole tissue was unaffected by P-deficiency during the first 14 days. However, the total P-lipid fell to 2/5 during this time (5) . and consequently the P-lipid/chlorophyll ratio also fell to 2/5, from 58.8 ± 9.2 nmoles P-lipid/A1,5 chlorophyll in control plants to 22.3 ± 5.1 in P-deficient plants.
As the P-lipid content of the chloroplasts fell from 21.9 + 2.5 to 8.6 + 1.4 nmoles/A,75, deficiency affected the P-lipid contents of whole tissue and of chloroplasts to exactly the same degree (note that the data also show that about 40% of P-lipid in Spirodela plants is localized in the chloroplasts).
Individual P-lipids in the extracts were separated by thinlayer chromatography. When P-lipid patterns of chloroplasts were compared with those of whole tissues (Table I) , it was found that chloroplasts were characterized by a very high phosphatidyl glycerol content, a very low phosphatidyl ethanolamine content, a rather high phosphatidyl inositol content, and a rather low phosphatidyl choline content. Although P-deficient tissue contained a smaller proportion of phosphatidyl glycerol than the control tissue, the chloroplasts from P-deficient tissue had a P-lipid pattern almost identical with that of chloroplasts from control tissue; this pattern was still characterized by a very high proportion of phosphatidyl glycerol.
The data suggest that most of the phosphatidyl glycerol in Spirodela is in the chloroplasts. The P-lipid pattern of chloroplasts can be compared with that of supernatant from the chloroplast preparation (this contains numerous broken chloroplasts) and with that of residual chopped tissue. If we assume that the amount of chloroplast material in each fraction is directly related to the amount of chlorophyll in the extract, then the contribution of the chloroplast P-lipids to the P-lipids of the supernatant or chopped tissue fractions can be calculated (Table II) . It is found that 80 to 100% of the phosphatidyl glycerol can be accounted for by that present in the chloroplasts, regardless of whether control or P-deficient tissue is considered.
Phospholipid Patterns in Dark-Grown Tissue. When Spirodela was grown in the dark in the presence of zeatin, the fronds lacked chlorophyll. The P-lipid contained about VS as much Tables I and II. phosphatidyl glycerol as did P-lipid from plants grown in light (Table III) . The phospholipids of the plastid fraction were even more markedly affected by darkness, and phosphatidyl glycerol comprised only 7% of the P-lipid in etioplasts, instead of 30% as in chloroplasts. When such etiolated plants were returned to light, subsequent greening was slow as compared with etiolated seedlings (e.g., radish). As the chlorophyll content of the tissue rose, there was a corresponding increase in the proportion of phosphatidyl glycerol in the plastid fraction, from 6% to 27% (Fig. 3) . Phosphatidyl glycerol formation was not noticeably behind or ahead of chlorophyll formahon.
ethanolamine; PG, phosphatidyl glycerol; PI, phosphatidyl inositol; PS, phosphatidyl serine; PA, phosphatidic acid; other, unidentified P-lipids, including complex P-lipids at chromatogram origin.
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DISCUSSION
Phospholipids and Phosphorus Deficiency. It has been briefly reported (5) that P-deficiency decreased the proportion of phosphatidyl glycerol in the P-lipids of Spirodela. This is shown again in the present data (TableI). The present results show that P-deficiency also retards the relative rate of synthesis of phosphatidyl glycerol.
In normal Spirodela, phosphatidyl glycerol is the first major P-lipid to reach maximum labeling after a pulse of 'P-phosphate; in P-deficient Spirodela, it is one of the slowest to label. Taken together, the slower rate of labeling and lower final level of phosphatidyl glycerol suggest that synthesis of phosphatidyl glycerol, relative to the other P-lipids, has decreased to aboutl/8 that in control tissue. To a less marked degree, the rate of phosphatidyl inositol synthesis also appears to have been decreased by P-deficiency. Zeatin, which lessens the visual symptoms of P-deficiency, also lessens the effect of deficiency on phosphatidyl glycerol synthesis.
Other workers have reported that phosphatidyl glycerol is the predominant phospholipid in chloroplasts of the dicotyledons spinach, beet, tobacco, pumpkin, and New Zealand spinach (Tetragonia) (2, 12, 14, 19 (Table III) . Secondly, a comparison of the ratio of phosphatidyl glycerol to chlorophyll in the various fractions (Table II and other experiments) shows that the amount of phosphatidyl glycerol is very closely related to the amount of chlorophyll, and hence presumably the amount of chloroplast material (12) . This apparent restriction of phosphatidyl glycerol to the chloroplast is as true of P-deficient tissue as of control tissue (Table II) . Thus the marked effect of P-deficiency on rate of phosphatidyl glycerol synthesis would seem to be a specific effect of P-deficiency on the chloroplast.
However, when chloroplasts are isolated from P-deficient tissues, the relative proportion of the various P-lipids is very similar to that of control tissue chloroplasts: phosphatidyl glycerol is only slightly lower. It is possible that chloroplasts with an abnormal P-lipid composition were selectively removed during isolation of chloroplasts from P-deficient tissue: however, chloroplast recoveries, though low, were the same for control and deficient tissues (TableII). The main conclusion seems to be that the P-deficient chloroplast has a 60% lower P-lipid content and an almost normal P-lipid pattern, but, because of its much lower P-lipid cycling rate, it probably has a much more static structure than the normal chloroplast.
It has already been noted that P-deficiency results in visible changes in Spirodela chloroplast structure (13) Phosphatidyl Glycerol and Chloroplast Structure. As noted earlier, phosphatidyl glycerol is a major P-lipid in the chloroplast and may be largely confined to that organelle. If so, the observation that it is more rapidly labeled than most of the P-lipid in the tissue (Fig. 2) has direct relevance to studies of chloroplast structure in higher plants, since it implies that the P-lipid in the chloroplast is turning over more rapidly than most of the tissue P-lipid. Although caution is needed in interpreting curves like those of Figure 2 , they imply when taken with Figure 1 that phosphatidyl glycerol has a turnover time of about 5 hr, and hence that the chloroplast P-lipids may be being resynthesized every 5 hr or so. Ferrari and Benson (7) , studying incorporation of 14CO2, and Sastry and Kates (15) , studying incorporation of 'P, and 'P-a-glycerophosphate, both noted an apparently short turnover time of phosphatidyl glycerol in the alga Chlorella. The data of Singh and Privett (16) on incorporation of "P, suggest a relatively short turnover time for phosphatidyl glycerol and a long one for phosphatidyl choline in immature seeds of soybean. However Roughan (14) , studying "4C-acetate incorporation in pumpkin chloroplasts, found that phosphatidyl glycerol was turning over slowly. These contrasting results may be due to a different chloroplast behavior in growing and nongrowing tissues or may indicate that different parts of the molecule are being resynthesized at different rates. If phosphatidyl glycerol, and thus much of the chloroplast P-lipid, should be turning over rapidly, the whole lamellar structure of the chloroplast (1) may be protean. In this connection, it is of interest that the proportion of phosphatidyl glycerol in greening etioplasts is directly correlated with chlorophyll content, which itself parallels lamellar development (1). It would be interesting to know how the P-deficient chloroplast accommodates its structure to the lower P-lipid/ chlorophyll ratio. One apparent response is for the lamellar system to become more highly organized and tightly packed (18 (11) . In the other, phosphatidic acid + CTP -CDPdiglyceride, and CDPdiglyceride + glycerophosphate e phosphatidyl glycerolphosphate -e phosphatidyl glycerol + P, (6, 17) .
Ethanolamine can replace choline, and inositol and glycerol can replace glycerophosphate. The degree of independance of these two pathways is not known. It seems that in plant tissues phosphatidyl choline and phosphatidyl ethanolamine tend to behave as a pair, and phosphatidyl glycerol and phosphatidyl inositol behave as another pair (e.g., see Fig. 2 ). The order of labeling differed in the three plants. In apple parenchyma, phosphatidyl choline and to a lesser extent phosphatidyl ethanolamine became labeled slightly before and to a much higher level than phosphatidyl inositol and phosphatidyl glycerol. In soybean, phosphatidyl inositol and phosphatidyl glycerol became labeled more rapidly (and in the case of phosphatidyl inositol, to a greater degree) than phosphatidyl choline and phosphatidyl ethanolamine. In Spirodela, which is by far the most actively photosynthetic of the three tissues, phosphatidyl glycerol and phosphatidyl inositol became labeled considerably faster than phosphatidyl choline and phosphatidyl ethanolamine. The final equilibrium level of radioactivity, which should reflect the amount of each P-lipid present, shows that Spirodela, the photosynthetic tissue, has a considerably higher proportion of phosphatidyl glycerol (15%) than apple (2%) or soybean (4%).
In summary, the photosynthetic tissue is characterized by a much higher proportion of phosphatidyl glycerol, and its turnover rate is relatively higher. Indirectly this supports the earlier conclusion, that P-lipid of the chloroplast turns over faster than P-lipid in other parts of the cell. In this context, P-deficiency causes both the P-lipid pattern and the P-lipid synthesis in Spirodela to resemble more closely that of a nonphotosynthetic tissue.
Note Added in Proof. M. Trevini (1971. Z. Pflanzenphysiol. 66: 64-72) found parallel results.
